The preparation and distribution of fresh-cut produce is a rapidly developing industry that provides the consumer with convenient and nutritious food. However, fresh-cut fruits and vegetables may represent an increased food safety concern because of the absence or damage of peel and rind, which normally help reduce colonization of uncut produce with pathogenic bacteria. In this study, we found that Salmonella Enteritidis populations can (i) survive on fresh-cut melons and apples stored at 58C, (ii) increase up to 2 log units on fresh-cut fruits stored at 108C, and (iii) increase up to 5 log units at 208C during a storage period of 168 h. In addition, we examined the effect of lytic, Salmonella-speci c phages on reducing Salmonella numbers in experimentally contaminated fresh-cut melons and apples stored at various temperatures. We found that the phage mixture reduced Salmonella populations by approximately 3.5 logs on honeydew melon slices stored at 5 and 108C and by approximately 2.5 logs on slices stored at 208C, which is greater than the maximal amount achieved using chemical sanitizers. However, the phages did not signi cantly reduce Salmonella populations on the apple slices at any of the three temperatures. The titer of the phage preparation remained relatively stable on melon slices, whereas on apple slices the titer decreased to nondetectable levels in 48 h at all temperatures tested. Inactivation of phages, possibly by the acidic pH of apple slices (pH 4.2 versus pH 5.8 for melon slices), may have contributed to their inability to reduce Salmonella contamination in the apple slices. Higher phage concentrations and/or the use of low-pH-tolerant phage mutants may be required to increase the ef cacy of the phage treatment in reducing Salmonella contamination of fresh-cut produce with a low pH.
Nontyphoidal salmonellae are an important cause of foodborne disease in the United States, resulting in an estimated 1.4 million cases of disease annually (19) . According to the U.S. Department of Agriculture (15) , in 50 to 75% of the cases the bacterium is acquired from meat, poultry, or eggs, with poultry serving as the primary vehicle of transmission. However, increasingly reported data suggest that fruits and vegetables also are an important reservoir for Salmonella (3, 12, 14) . Outbreaks of disease caused by the consumption of bacteria-contaminated intact fruits and vegetables occur less frequently than those caused by the consumption of other foods (7, 9, 13) . This difference is believed to be due, at least partially, to the protective barrier (physical and chemical) provided by the peel or rind, which helps to prevent the establishment and propagation of bacteria in the esh of fruits and vegetables (3, 17, 21) . However, this protective barrier is removed during the processing of fresh-cut fruits and vegetables, which makes them especially vulnerable to microbial contamination and colonization and increases the risk of fresh-cut produce becoming a health hazard. Therefore, it is important to inves-tigate the survival and growth kinetics of major foodborne pathogens on fresh-cut fruits and vegetables and to develop novel approaches to reduce the contamination of fresh-cut produce with pathogenic bacteria. Among the strategies used to limit the growth of bacteria on fruits and vegetables before processing, the two most common approaches are (i) washing with water and (ii) washing with solutions of various antimicrobial compounds. These approaches, although generally effective, can greatly vary in their ef cacy. For example, washing with water reduces the contamination of produce with Escherichia coli by as much as 1.8 log CFU/g, and washing with a solution of calcium hypochlorite reduces E. coli contamination of lettuce leaves and broccoli orets by up to 2.8 and 2.5 log CFU/g, respectively (5) . However, the efcacy of common chemical sanitizers (including calcium hypochlorite, hydrogen peroxide, trisodium phosphate, and sodium hypochlorite) in removing pathogenic bacteria from fresh-cut produce was found (18) to be two-to threefold less than that from uncut fruits, with a maximum reduction of 1.3 log CFU/g achieved with hydrogen peroxide (8) . Moreover, the extensive use of sanitizers, including chlorine compounds in packing houses, has led to various bacteria developing resistance to these agents. This has resulted in a further decline in their ef cacy (10, 20) . Thus, novel biocontrol agents for use in the fresh-cut industry are urgently needed to limit the growth of foodborne pathogens on fresh-cut fruits and vegetables and to provide consumers with a clean and safe product.
Lytic bacteriophages (phages) may provide an attractive alternative for decontaminating fresh-cut fruits that may contain various bacterial pathogens. Bacteriophages are bacterial viruses that invade bacterial cells, disrupt bacterial metabolism, and cause the bacterium to lyse. Phages are natural, safe products with the potential for use as an environmentally safe biocontrol alternative on fresh-cut produce. They are ubiquitous in the environment, with 1 ml of uncontaminated fresh water reported to contain approximately 2.5 3 10 8 phages (6) . Phages were widely used therapeutically in the 1930s and 1940s throughout the world, and although their use in the United States and Western Europe was curtailed after antibiotics became widespread, phage therapy is still a commonly used modality in the former Soviet Union and Eastern Europe (2, 23) . In addition to human therapy, phages have been reported to be effective in the prophylaxis and treatment of bacterial infections in various agricultural animals (4) . However, to our knowledge, phages have not been evaluated as a biocontrol option for fresh-cut fruits.
The objectives of this model study were to determine (i) the survival and growth of Salmonella on fresh-cut apple and honeydew melon slices under the conditions (temperature and length of incubation) likely to be encountered during their processing and storage and (ii) the effectiveness of speci c lytic phages for use as a biocontrol agent for fresh-cut fruits contaminated with Salmonella.
MATERIALS AND METHODS
Fruit. Red Delicious apples that had been harvested and stored at 18C for approximately 5 months were cut into eight slices with an apple slicer, and the slices were wounded with an 8-mm cork borer as described previously (11) . Honeydew melons purchased from a local supermarket were sliced through the equator with a sterile knife. Two 10-mm-thick rings were cut out of the center of each melon, and each ring was cut into 12 equal slices. All of the fruits were disinfected with 70% EtOH immediately before slicing. The pH of the apple and melon slices was monitored using a Semi-Micro pH combination electrode (81-03 Ross, Orion Research, Inc., Beverly, Mass.).
Phage. The phage mixture (SCPLX-1), which contained four distinct lytic phages speci c for Salmonella Enteritidis, was obtained from Intralytix, Inc. (Baltimore, Md.). The phage concentration was approximately 2 3 10 10 PFU/ml in phosphate-buffered saline. The mixture was diluted with sterile saline to approximately 2 3 10 8 PFU/ml immediately before application to the fruit slices.
Preparation of the bacterial inoculum.
A rifampicin-resistant, SCPLX-1-susceptible Salmonella Enteritidis strain, from the bacterial strain collection of Intralytix, was used to experimentally contaminate the apple and honeydew melon slices. The bacterium was grown overnight at 378C on Luria-Bertani (LB) agar supplemented with 100 g/ml of rifampicin. The bacteria were collected (at 10,000 3 g) and washed with sterile saline (0.9% NaCl). The suspension was adjusted to an OD 610 of 1 (approximately 1 3 10 9 CFU/ml) using a SmartSpec 3000 spectrophotometer (Bio-Rad Laboratories, Richmond, Calif.). Aliquots of the suspension were diluted to a concentration of 1 3 10 6 CFU/ml and used to inoculate the fruit slices.
Bacterial inoculation and phage application. The fruit slices were experimentally contaminated with the test Salmonella strain by inoculating the wounds with 25 l of the bacterial suspension containing 1 3 10 6 CFU/ml. The procedure for inoculating all slices took approximately 10 min, after which time 25-l aliquots of the phage mixture were applied to the wounds. There were four fruit slices per treatment at each recovery time. The slices (one slice per jar) were incubated at 5, 10, and 208C in 475ml Mason jars covered with plastic lm. Salmonella counts were determined at 0, 3, 24, 48, 120, and 168 h after phage application. Real View laboratory sealing lm (Norton Performance Plastics Corp., Akron, Ohio) was used to seal jars containing apple slices, and Std-Gauge lm (Cryovac, Duncan, S.C.) was used to seal jars containing honeydew melon slices. Both lms provided similar environmental conditions (O 2 and CO 2 content) in apple-and melon-containing jars.
Recovery of bacteria and phages.
Recovery and quantitation of the bacteria from the infected wounds was performed as described previously (11) . Brie y, 1-cm-thick, 1-cm-diameterslices encompassing the wounded tissue were cut out with a cork borer, placed into sterile plastic bags (one slice per bag) containing 4.5 ml of buffered peptone water, and homogenized in a stomacher blender (Bagmixer 100 Minimix, Interscience). Dilutions of 50l aliquots of the homogenized mixtures were plated in duplicate, using a spiral plater (DW Scienti c, West Yorkshire, England), on LB agar supplemented with 100 g/ml of rifampicin. The plates were incubated at 378C for 24 h, colony counts were determined using an automated plate counter (Protos, Synoptics, Cambridge, UK), and the data were plotted as CFU/ml (Fig. 1 ). The remaining samples were ltered through 0.45-m membranes (Pall Gelman, Ann Arbor, Mich), and the titer of phage in the ltrates was determined using a soft agar overlay (1) . All experiments were repeated to ensure reproducibility.
Randomly ampli ed polymorphic DNA and pulsed-eld gel electrophoresis.
To ensure that the test Salmonella strain was quantitated and that no contaminating, rifampicin-resistant strain was in uencing our interpretation of the results, 10 to 15 randomly selected colonies that survived the phage treatment were analyzed. Analysis was done by randomly ampli ed polymorphic DNA (RAPD) and/or pulsed-eld gel electrophoresis(PFGE) after each experiment, and the patterns were compared with that of the test Salmonella Enteritidis strain. The RAPD technique was performed using a RAPD kit (Amersham Pharmacia Biotech, Piscataway, N.J.) and the RAPD analysis primer 3 (5 -GTA-GACCCGT-3 ) of the kit, according to the manufacturer's instructions, and the DNA patterns were analyzed by electrophoresis in 2% agarose gel in Tris-acetate-EDTA buffer. PFGE was performed using the procedure developed for typing E. coli O157:H7 strains (16) . The strains were analyzed after digesting their DNA with XbaI and/or AvrII restriction enzymes, and XbaI-digested Salmonella Newport strain am01144 was used as the reference strain in all experiments. The same 10 to 15 colonies analyzed by RAPD and PFGE were also examined for phage susceptibility to determine whether any of the surviving bacteria developed resistance to the SCPLX-1 preparation.
Statistical analyses. The effects of the phage treatment, incubation temperature, and sampling time on bacterial populations in the wounds on the apple slices were analyzed as a three-factor general linear model using Proc Mixed (SAS Institute, Cary, N.C.) (22) . The assumptions of the general linear model were tested. To correct variance heterogeneity, the values were log 10 transformed (log x), and treatments were grouped into similar variance groups for the analysis. The means were compared using pairwise comparisons with Sidak-adjusted P values so that the experimentwise error for the comparison category was 0.05.
The analysis for the honeydew data was done in two parts, since the values for 58C at 120 and 168 h were all zero. In part 1, the population sizes at 0, 3, 24, and 48 h were analyzed as a three-factor general linear model using Proc Mixed (SAS Institute) (22) , with treatment, temperature, and time as the factors. The assumptions of the general linear model were tested. To correct variance heterogeneity, the values were log 10 plus one transformed (log[x 1 1]), and treatments were grouped into similar variance groups for the analysis. The means were compared using pairwise comparisons with Sidak-adjusted P values so that the experimentwise error for the comparison category was 0.05. To test for the in uence of time or temperature on the phage treatment, the magnitude of the difference between the phage treatment and the control at each temperature at a given time was tested against the difference for the other temperatures at the same time.
In part 2, the bacterial population sizes (CFU/wound) for 0, 3, 24, 48, 120, and 168 at 10 and 208C were analyzed as a fourfactor general linear mixed model using Proc Mixed (SAS Institute), with treatment, temperature, and time as the xed factors and experiment as the random factor. The assumptions of the general linear model were tested. To correct variance heterogeneity, the values were log 10 plus one transformed (log[x 1 1]), and treatments were grouped into similar variance groups for the analysis. The means were compared using pairwise comparisons with Sidak-adjusted P values so that the experimentwise error for the comparison category was 0.05. To test for the in uence of time or temperature on the phage treatment, the magnitude of the difference between the phage treatment and the control at 108C was tested against the difference at 208C for each period.
RESULTS
Growth of Salmonella on fruit. Salmonella Enteritidis survived at 58C and grew at 10 and 208C on Red Delicious apple (pH 4.2) and honeydew melon slices (pH 5.8) throughout the duration (168 h) of the experiments (Fig. 1) . The most vigorous bacterial growth was observed on the fresh-cut fruits stored at 208C, with the bacterial populations increasing on both honeydew melons and Red Delicious apples in as little as 3 h after inoculation. However, the increase of Salmonella populations was greater on melons than on apples. As shown in Figure 1 , Salmonella populations on melon slices increased by more than 5 log units throughout 168 h at 208C. However, the increase on apple slices was approximately 2 log units during the same period at the same temperature. At 108C, the bacterial populations in apple and melon slices began to increase after 48 h by approximately 1.5 and 3.3 log units, respectively (Fig. 1) . At the lowest temperature tested (58C), bacterial populations were stagnant. Salmonella populations did not increase on either one of the fresh-cut fruits and even declined by approximately 1 log unit on melon slices after 120 h (Fig. 1) .
Phage persistence on fruit. The titer of Salmonella
Enteritidis-speci c phages gradually declined by approximately 3 log units throughout 168 h on honeydew melon (Fig. 1) . This decline was similar for all temperatures. In contrast, the phage titer declined rapidly on apple slices and reached nondetectable levels after 24 h in the samples stored at 10 and 208C and after 48 h in the samples stored at 58C (Fig. 1) . To determine whether the difference in the pH of apple and melon slices (pH 4.2 and 5.8, respectively) may have been a contributing factor, aliquots of the SCPLX-1 phage preparation were adjusted to pH 4.2 and 5.8, incubated at 58C for 48 h, and titered. The phage titers were approximately four times higher in the samples incubated at pH 5.8 than in those incubated at the more acidic pH of 4.2. The pH of the fruits was monitored throughout our experiments, and it increased only slightly (approxi- a The means were compared using pairwise comparisons with Sidak-adjusted P values (P 0.05). The magnitude of the difference between the samples treated with and without the phage at each temperature at a given time was tested against the difference for the other temperatures at the same time. In part 1, the magnitude of the differences of the samples treated with and without the phage was tested against three storage temperatures for the sampling times 0, 3, 24, and 48 h. In part 2, the magnitude of the differences of the samples treated with and without the phage was tested at 10 and at 208C against all sampling times. ND, these values were not determined because the values for the phage-treated samples for 58C at 120 and 168 h were all zero. 
Control of Salmonella by the phage treatment.
The bacterial populations were consistently as much as 3.5 log units lower on honeydew melon treated with the phage mixture than on corresponding samples without the phage. However, no signi cant reduction in the Salmonella population was observed in the apple slices treated with phages ( Fig. 1) . The reduction of populations on honeydew melon slices by the phage was independent of the incubation temperature.
RAPD and PFGE.
Identical patterns of the randomly selected colonies and the reference strain were generated in all instances, indicating that cross contamination did not occur during the experiments. The results from the phage susceptibility tests indicated that the surviving bacteria were still susceptible to the SCPLX-1 phage preparation, and no phage-resistant mutants developed during our experiments.
DISCUSSION
Storage temperature and duration, as well as steps taken to reduce bacterial contamination and spread of pathogenic bacteria on produce, contribute to the microbial safety of fruits and vegetables. As with many other foods, we found that the storage temperature had a strong impact on keeping the Salmonella levels low in experimentally contaminated fresh-cut fruits. Salmonella multiplied rapidly after 48 h on both apple and melon slices stored at 208C. At that temperature, the populations increased by approximately 5 log units in honeydew melon and by approximately 2 log units in apples (Fig. 1) . At 108C the Salmonella population increased by approximately 3 log units on honeydew and approximately 1.5 log units on apples, and at 58C an appreciable increase in Salmonella numbers was not observed on either fruit. Salmonella populations actu-ally decreased in the melon slices stored for 120 h. As we previously reported for Listeria monocytogenes (11) , this observation suggests that storage at 58C can help minimize the growth of bacteria such as Salmonella on fresh-cut produce, which is essential for food safety.
In addition to the low-temperature effect, we found that the Salmonella populations on experimentally contaminated melon slices were signi cantly reduced by applying Salmonella-speci c phages (Tables 1 and 2 ). For example, on slices stored at 58C, the SCLPX-1 phage mixture reduced Salmonella populations by approximately 3.5 log CFU/g compared with the control at 120 h of incubation (Fig. 1) . This is approximately twice the reduction of 1.3 log CFU/g reported to be maximal for fresh-cut fruits treated with hydrogen peroxide (18) . In general, the phages' ef cacy was temperature independent (Table 3 ). Phage treatment did not have a signi cant effect on Salmonella numbers in the apple slices, and there was essentially no difference in Salmonella recovery from fruits incubated in both the phagetreated and phage-untreated groups at the temperatures tested ( Fig. 1) .
It is noteworthy that, although the same number of phages was applied on apple slices and melon slices, SCPLX-1 phages were recovered in signi cantly higher numbers from melon slices than from apple slices, where the phage concentration rapidly decreased to undetectable levels in less than 48 h (Fig. 1) . Various factors may have contributed to the observed difference in phage persistence on apples and melons. One possible factor is the difference in acidity of honeydew melon and Red Delicious apples, with apples being more acidic than melons (pH 4.2 and 5.8, respectively). The inability of phages to tolerate an acidic pH is well documented. In fact, one of the approaches taken during human phage therapy studies is to neutralize gastric acidity before oral phage administration to increase the phage survival rate during passage through the stomach and to effectively lyse the targeted bacterial pathogen (2) . In agreement with these early reports, we found that the SCPLX-1 preparation was rapidly inactivated when incubated in buffer at pH 4.2. This supports our hypothesis that the inability of the phage preparation to reduce Salmonella numbers in apple slices was due, at least partially, to the rapid inactivation of phages in the apple slices with a pH of 4.2. The successful use of phages on fresh-cut produce with a similar or lower pH may require the application of greater amounts of phage or the development and use of a phage preparation containing low-pH-tolerant phage mutants.
The use of lytic phages to reduce contamination of fresh-cut produce with Salmonella has several advantages over the use of chemical sanitizers. First, phages are speci c for prokaryotes and, therefore, they provide a high degree of safety both to fruits and humans. However, it is important to avoid the use of lysogenic phages for bacterial decontamination and to use lytic phages only. Lysogenic phages are capable of horizontally transferring bacterial genes and, thus, may contribute to the spread of bacterial virulence, antibiotic resistance, and other ''undesirable'' genes (23) . The SCPLX-1 preparation used in our experi-ments contained only lytic phages. Second, because of their speci city, phages will lyse only selected pathogenic bacteria while leaving the desirable, normal micro ora of fruit intact. Therefore, the phage application will not affect the ''colonization pressure'' on the fruit surface, which also helps to prevent the recolonization of fruits with pathogenic bacteria. Third, phages are widespread in the environment, and they represent an environmentally safe product. Phages propagate in the presence of their targeted bacterium, and they slowly fade once the host bacterium has been eliminated, providing a self-cleaning biocontrol alternative. Finally, phages provide a high degree of exibility for longterm applications. For example, bacteria are rapidly developing resistance to various antibiotics and commonly used sanitizers (10, 20) , which may eventually result in the emergence of bacterial mutants completely resistant to these compounds. Although it is not yet clear what the kinetics of the development of phage resistance would be if phages were routinely used in the produce industry, it is noteworthy that bacterial mutants resistant to the SCPLX-1 preparation were not isolated during our experiments. This may have been due to the fact that a cocktail of phages was used, and mutants resistant to one phage were lysed by the other phages in the SCPLX-1 preparation. The duration of our study was limited to 168 h, since this is approximately how long fresh-cut produce remains on grocery store shelves. It is possible-and even expected-that bacteria will eventually develop resistance against phages, since they will develop resistance against any antibacterial agent used. However, there are some important differences between phages and chemical sanitizers or antibiotics that favor the use of phages as biocontrol agents. For example, phages-unlike chemical sanitizers-are natural products that evolve along with their host bacteria. Therefore, new phages active against recently emerged, resistant bacteria can be rapidly isolated from the environment when required, whereas the identi cation of a new and effective sanitizer is a much longer process that may require several years.
The speci city of phages is a strong advantage for eliminating a speci c pathogenic target bacterium, without disturbing the normal micro ora. However, it may be difcult to develop a phage preparation that provides protection against all Salmonella. Nevertheless, by applying a mixture of different phages, it may be possible to target strains or serotypes that are known to be responsible for most foodborne human illnesses and/or are frequently associated with fresh-cut produce. For example, different serotypes of Salmonella strains have been implicated as the cause of orange juice-associated outbreaks (12) , and strains of Salmonella Poona and Salmonella Saphra are commonly associated with melons (14) . It may also be possible to custom design phage preparations targeted against speci c strains or serotypes problematic for a given produce-processing facility.
The results of our model study suggest that lytic bacteriophages can be very effective in reducing Salmonella contamination of at least some fresh-cut produce. It is possible that, with further optimization of phage delivery mechanisms, dosages, and formulations, the effectiveness of Salmonella-speci c phages will be further improved and that phages will be effective in eliminating or reducing Salmonella contamination of most, if not all, fresh-cut fruits and vegetables. Phages against other (nonsalmonellae) foodborne bacterial pathogens also can be identi ed. In this context, phages may provide a novel, environmentally safe alternative to control the bacterial contamination of produce. They can be used, alone or in combination with at least some of the approaches currently used in the produce industry, to reduce the contamination of whole or fresh-cut fruits and vegetables with foodborne pathogens.
